Aperiodic composite crystals belong to a new state of matter that possesses long-range order without translational symmetry. We report measurements of low-lying phonon branches in an n-alkane/urea compound that provide insight into the urea sublattice and the commensurate basal plane dynamics. Focusing on the thoroughly studied n-nonadecane/urea compound makes a comparison with other inelastic scattering results possible, allowing the observation of two distinct aperiodic elastic signatures. Using three techniques, a slight but reproducible difference in sound velocities is observed between the transverse mode propagating along the aperiodic direction and polarized in the commensurate basal plane, and the one polarized along the aperiodic direction propagating in the basal plane.
I. INTRODUCTION
Phonon spectroscopy is widely used to obtain detailed information on the interatomic or intermolecular interactions in condensed matter, from the simplest regular crystals to more complex structures. Contrary to light scattering, neutron and x-ray inelastic scattering permits investigations of excitations with very large wave vectors. Having a lower resolution than with cold neutrons, x-ray scattering nevertheless allows studies with a constant resolution even far away from the null wave vector. It is then easier to get a global point of view of the lattice dynamics of a given structure.
Aperiodic crystals are long-range ordered materials that recover their periodicity in a higher-dimensional space [1] . The diffraction patterns of these aperiodic materials exhibit sharp Bragg peaks characteristic of long-range order, although the systems are not invariant under spatial translations of the lattice [2] . The dimension (or rank) of the higher-dimensional space corresponds to the number of independent vectors required to describe the entire set of diffraction Bragg peaks (usually four, five, or six). The crystallographic superspace that describes such materials thus decomposes into two orthogonal subspaces: the usual physical space and an internal one. These materials are conventionally divided into three families: quasicrystals, incommensurately modulated crystals, and composite intergrowth crystals. Incommensurately modulated crystals are the simplest of the three since they always stem from a prototype periodic high-symmetry (HS) phase. Furthermore, the incommensurate phase can generally be treated as a perturbation of this periodic HS phase [3] . As an important consequence, a mean Brillouin zone is defined as being the HS zone and collective excitations can be readily * ecolivet@univ-rennes1.fr † mariana.verezhak@psi.ch calculated as for A 2 BX 4 compounds [4] . Away from the irrational critical wave vector q s , which characterizes any incommensurate phase, the phonons are considered similarly to the HS phase. Around q s a perturbation calculation shows that phonons separated by 2q s are coupled by static incommensurate modulation. The nature of two phonons around +q s and −q s changes into two distinct excitations, called the phason and amplitudon, respectively, corresponding to phase and amplitude vibrations of the modulation. The phason modes are represented by collective excitations along the internal (supplementary) dimensions of the superspace. In the assumption of continuous incommensurate modulation functions, their branches present an acousticlike linear dispersion from +q s and −q s . However, these modes are not true Goldstone modes since they are dissipative and thus appear as overdamped modes at +q s and −q s .
Such excitations have been directly observed by neutron scattering in a few compounds, some compiled first in reviews [5, 6] and later in another organic compound [7] . These excitations are now much better understood, either from the point of view of Landau structural phase transitions or by using microscopic models [1, 3, 8] . In contrast, incommensurate composite crystals are composed of at least two interpenetrating modulated crystalline subsystems that are incommensurate in at least one direction and neither a mean structure nor a mean Brillouin zone may be defined in the physical space at three dimensions [9] . Consequently, no simple perturbation theory of the collective dynamics can be developed. This is one of the reasons for a continuing interest in aperiodic intergrowth compounds [10] . Some of them are expected to present unusual physical properties such as lubrication between out of register surfaces, as indicated by several theoretical studies [11] [12] [13] . However, observations of the expected behaviors in reality are rather scarce, which is probably due to nonideal realizations.
Among such compounds, those possessing a structure with a one-dimensional aperiodicity are conceptually simpler and allow, in diffraction experiments, an easy discrimination of Bragg peaks of the different sublattices along the aperiodic direction, along which different dynamics in composite structures are expected when the sublattices differ elastically. The intrinsic vibrational responses of each sublattice can be observed at large wave vectors. Previous studies of phonons at nonzero wave vectors were reported in a few incommensurate composites. Actually, they revealed acoustic phonons of different sublattices with a strong dependence on the nature of the related Bragg peak: mercury chains in AsF 6 [14] , selfhosting phases in Rb IV under pressure [15] , superconducting cuprates such as Bi-2212, and spin-ladder systems [10, 16] using inelastic neutron (INS) and/or inelastic x-ray scattering (IXS). At infinite wavelengths, these vibrational responses should transform, on one hand, into a regular acoustic mode, involving in-phase displacements of both sublattices, and, on the other hand, into a phase mode characterized by outof-phase displacements, similarly to an optic mode. In the case of weak intermodulations, the latter may be imagined by a relative sliding motion of the sublattices: the sliding mode, which is also the phase mode similar to the phason in modulated phases. The characteristics of these modes have been thoroughly analyzed [13, 17, 18] .
The prototype example for such studies is HgAsF 6 , where a crossover from the high-energy dispersion of the two longitudinal modes to a low-energy mixing was expected to give rise to the longitudinal sound mode and the sliding mode [19] . A complex feature was also reported in n-nonadecane/urea that was assigned to the coupling of the longitudinal acoustic phonon of the host urea sublattice and the predicted sliding mode [20] . However, direct unambiguous observations by either neutron, x-ray, or light scattering of underdamped sliding modes have yet to be reported. Sliding modes are not the unique signature of aperiodic composite structures since elastic properties are also modified by aperiodicity; for example, in acoustic modes polarized along aperiodicity directions, displacements of the different sublattices may be decoupled as shown in Ref. [18] .
In the case of n-alkane/urea compounds, which typically belong to the host-guest family, the honeycomblike urea sublattice is very stiff due to hydrogen bonding. However, it is unstable versus a basal shear strain as proven by the alkane removal from the channels that leads to the formation of the pure urea tetragonal structure. At room temperature, the pure nalkane guests may be liquid for the shortest molecules [21, 22] or in rotatory phases characterized by strong conformational, translational, and rotational disorders similar to plastic crystal phases. When densely packed by cocrystallization inside the urea channels, an intermodulated aperiodic crystal is usually obtained, as illustrated in Fig. 1 . In the restricted size of these channels, the alkane molecules are linear with a small amount of gauche conformers at their extremities [23] and, at room temperature, they present rotational and translational degrees of disorder. This family of crystals gives a prototypical example of symmetry breaking within crystallographic superspaces. For nanotubular structures with a single incommensurate direction c, a four-dimensional superspace description gives the positions of all of the Bragg peaks [24, 25] ,
FIG. 1. Schematic representation of the host/guest crystal of nnonadecane/urea at room temperature, with the hexagonal unit cell vectors a, b, c host , c guest and the characteristic parameters of the n-nonadecane CH 3 -(CH 2 ) 17 -CH 3 molecule (internal periodicity d of the C 2 H 4 and length L defining respectively the position and the width of the intensity of the molecular form factor, the broad D bands).
where a * , b * , c * h , and c * g are the conventional reciprocal unit cell vectors, and c * h and c * g refer to the host and the guest parameters. Four indices (h, k, l, and m) are needed to describe the four different types of structure Bragg peaks. A convenient but simplistic assignment is that the hk00 peaks are common Bragg peaks, the hkl0 and hk0m correspond to the host and guest, respectively, whereas the hklm, with l and m both different from zero, are intermodulation satellite Bragg peaks. However, due to sublattice intermodulation, the intensities of the host and guest Bragg peaks exhibit contributions from both substructures.
Among this series, the n-nonadecane/urea has been extensively studied in relation to its structural transitions versus temperature and pressure [26] [27] [28] . The room-temperature space group of n-nonadecane/urea is in dimension 4: P 6 1 22(00γ ). The parameters of the hexagonal lattice are a = b = 8.22 Å, c host = 11.02 Å, and γ is the misfit parameter defining q s = γ · c * u , with γ = c host /c guest = c u /c a . Gamma is found to be equal to 0.418 in the deuterated structure in contrast to 0.412 in the unlabeled compound. The existence of a 6 1 helical axis in the high-symmetry phase strongly reduces the number of Bragg peaks present along the purely longitudinal (00c * ) reciprocal line, as seen in Fig. 1 . The dynamics of this crystal has been investigated by nuclear magnetic resonance (NMR), light, and neutron scattering techniques, revealing unusual features [20, 29, 30] . Despite its one-dimensional simplicity, the possibility of obtaining a complete overview of the collective dynamics of this aperiodic material has not been permitted up to now. IXS, with its potential large scattering wave vector at a constant resolution, provides a unique opportunity to get a wider scope on the lattice dynamics of this compound.
II. EXPERIMENT
IXS measurements were performed on the ID28 spectrometer at the European Synchrotron Radiation Facility (ESRF). The optical layout is based on the triple-axis principle. The very high-energy resolution is obtained by a monochromator, operating at a Bragg angle very close to 90
• , i.e., close to backscattering geometry. The scattered photons are energy analyzed by a perfect spherical silicon crystal analyzer, operated in Rowland geometry, and at a Bragg angle of 89.98
• . ID28 Inelastic scattering is characterized by the transfer vector Q equal to the difference between the incident and scattered beam wave vectors. Both its magnitude and direction are important since the inelastic intensity scattered by a phonon with a polarization e varies as (e · Q) 2 . Phonon wave vectors are defined by Q = G hklm + q. Most of the experiments were performed within the scattering plane (a * + b * , c * ). This plane is shown in Fig. 2 , as reconstructed from diffraction data obtained at room temperature on the beamline ID29 at the ESRF. At G hklm = 0, Bragg reflections are common to both sublattices, whereas the other points of the (a * + b * , c * ) plane may be distinguished with respect to the sublattice periodicity. All strong Bragg peaks may be assigned to the urea sublattice. This figure also shows that diffuse scattering occurs at many locations in this plane with three different origins outside the Bragg locations. Very narrow parallel streak lines perpendicular to the c * axis, called s planes, define the reciprocal periodicity of n-nonadecane (0.412c * u ). They are the fingerprint of a static lateral translational disorder in this sublattice. Also in relation to the finite length L of the alkanes, but due to their internal periodicity d of the C 2 H 4 species, as defined in Fig. 1 , broader lines (D planes) appear at q z = 4.34c * u and 8.68c * u created by the dynamical translational and rotational disorder of the alkanes [32, 33] . Finally, pretransitional diffuse scattering grows around locations (h + 0.5 k + 0.5 l m), as in (1.5 1.5 3 0) located close to the upperright-hand corner of the gray rectangle on Fig. 2(a) , where superstructure Bragg peaks appear at lower temperatures [34] . At small wave vectors, close to strong Bragg peaks, acoustic modes are expected to be strong scatterers, but since only a few faint Bragg peaks with an alkane periodicity appear, all attempts to record inelastic spectra in these locations during a reasonable time remained unsuccessful. Consequently, for q z = 0 nearly all the observed inelastic peaks are related to the dynamics of the urea sublattice, which is a three-dimensional (3D) (modulated) long-range ordered structure connected by well-defined hydrogen bonds between urea molecules.
Even if both sublattices contribute to the intensity of any Bragg peak, the guest sublattice contribution, located at the urea reciprocal positions, is in proportion to its modulated fraction, which is not expected to be significant. So, in order to get a broad overview of the inelastic modes we will begin by the simplest assumption that the observed dynamics out of the basal plane is mainly due to urea, with only some weak perturbations. Consequently, we may use a Brillouin zone defined by the hexagonal urea reciprocal sublattice; its trace in the scattering plane appears as a rectangle elongated along the (a
It should be noticed that the area beyond the ±K reciprocal points, i.e., 0.33 < ||q|| < 0.5, is in fact at the Brillouin zone boundary. The nine detectors may cover several Brillouin zones, by reducing all the detector locations inside the first irreducible Brillouin zone, we obtained ca. 240 nonequivalent phonon wave vectors scattered inside such a zone. The related inelastic spectra have been fitted by the convolution of damped harmonic oscillators (DHOs) and/or relaxation profiles weighted by the Bose factor with the apparatus function, which is a weighted sum of a Gaussian and a Lorentzian function with typical full width at half maxima (FWHM) of ∼1 and 3 meV, respectively. The weight of the Lorentzian contribution is in the 10% range. These parameters vary somewhat with the analyzer used.
Spectra were usually recorded in a range of a few tens of meV in steps of 0.3 meV; each data point lasted 30 s, sufficient to have manageable data statistics. Fig. 3(c) shows an intensity increase when q goes towards the zone boundary, unlike the acoustic modes becoming less visible at large q values.
III. DYNAMICAL MODEL
Aperiodic composites are intergrowth intermodulated crystals and treating separately the host and guest subsystems is a crude assumption. However, since the intermodulation Bragg peaks are rather weak at room temperature, two different sets of phonons can be considered in a first approximation with the present energy resolution. This is, however, not possible at the lowest energies, where excitations may reveal very specific features such as gaps opening and/or acoustic phonon overdamping. As the alkane sublattice can be simply described by a single molecule per alkane cell with a sixfold orientational disorder around the channel axis, the frequency dispersion along this direction reduces to a single branch characterized by the intermolecular force constant that has been indirectly determined [35] . This dispersion branch appears later on in Fig. 7 . Other alkane modes such as librations, translations, and more localized modes seem to occur only in the diffuse scattering D bands. The remaining modes seem to involve only the urea channel dynamics. In order to describe the different experimental frequencies and understand their dispersion, it is necessary to use the result of lattice dynamics calculations. Standard dynamical calculations for urea would involve six molecules perturbed by a strong guest disorder in an aperiodic environment. A complete description, even restricted to external modes, would be an intractable task. For a partial description, simplifications are necessary. At a simpler level, we will first ignore the aperiodicity, allowing the use of Brillouin zones for this sublattice and, second, try to decouple different directions. We have calculated the dispersion curves using two basic models mimicking the structure in the basal plane and along the channel axis.
The structure of these compounds is characterized by the honeycomb shape of the urea sublattice inside which nalkanes are densely packed. Honeycomb walls are made of a network of urea molecules tethered by hydrogen bonds, as shown in the top panel of Fig. 4 . The hexagonal structure P 6 1 22 (D 2 6 ) contains in its primitive cell three of the six walls of a urea channel built by its six-urea molecules. On each channel corner, three molecules, slightly canted from the channel axis, stack their oxygen atom nearly above each other along this axis in order to realize hydrogen bonds with the nitrogen atoms of urea molecules belonging to the neighboring corner. A three-helices picture is necessary to respect the oxygen positions since two of them lie in the wall, two others are slightly above it, whereas the remaining two are slightly below, as shown in the c * view of Fig. 4 . Urea molecules occupy C 2 sites with a lower symmetry than the one commonly admitted for the molecule (C 2v ). This produces mixing of the molecular rotations R j and translations T i in the dynamic representation. Since we are only interested in lattice modes resulting from these motions along the three spatial directions, we may write the decomposition of the urea external mode representation at the zone center on the D 6 irreducible representations as
This formula includes the urea sublattice acoustic modes of symmetry A 2 and E 1 since they are related only to a sublattice and not to the whole crystal. This decomposition shows that each irreducible representation involves pairs of molecular translations and librations: one for A 1 and B 1 both polarized along the channel axis, two for A 2 and four for B 2 polarized in the basal plane, and three for E 1 and E 2 involving all directions. It should be pointed out that in the lowest-symmetry points of the Brillouin zone, 36 different frequencies are expected in the external modes ranging below 30 meV (240 cm −1 ), whereas the apparatus linewidth cannot resolve more than 24 lines within this window without any broadening. Therefore, some observed peaks, probably the broadest, are unresolved multiplets, even along symmetry directions. However, the inelastic structure factor decreases the number of visible modes by sorting them out with respect to their polarization.
The study of all these modes is outside the scope of this paper due to obvious experimental limitations, and to the fact that we are mainly interested in the lower branches, that are more likely to present features directly related to aperiodicity. Another major simplification occurs when replacing urea molecules by point masses restricting the analysis to translational modes. By doing so, we divide by two the number of computed modes. In the basal plane projection, this structure looks somewhat similar to the familiar honeycomb lattice of graphene, even if the symmetries are a bit different. In particular, the absence of a mirror plane perpendicular to the sixfold axis in this aperiodic structure does not, contrary to graphene, allow the dynamics decoupling between the inand out-of-plane motions. Numerous theoretical studies on graphene dynamics have been reported in the literature, as, for example, in Ref. [36] and references cited therein. For our calculation of the dispersion branches along symmetry directions, we chose the convenient formulation of Adamnyan and Zavalniuk [37] with two force constants (J 1 , J 2 ). It involves the first-and second-nearest-neighbor's central forces in order to stabilize the lattice against a collapsing shear. Within this model, the second-neighbor interaction in graphene stabilizes the lattice, while in urea inclusion compounds this effect is likely obtained by an alkane guest nearest neighbor, via van der Waals forces and/or steric hindrance. Another lattice dynamics model of urea channels has been previously reported with some success [38] , using two force constants along the channel direction, but without any second-order neighbor in the basal plane, precluding the study of transverse acoustic phonons polarized in this plane. Here, we describe the out-ofplane transverse modes TA z and TO z , by the simplest formula 
where 0 is the maximum frequency, with F 0 (q) = 2[cos(q 1 a − q 2 a) + cos(q 1 a) + cos(q 2 a)], with q being the phonon wave vector of components (q 1 , q 2 ) parallel to the reciprocal hexagonal basis vectors (a * , b * ). Consequently, our description will be limited to in-phase (LA, TA) and outof-phase motions (LO, TO) in three directions of the two infinitely rigid stacks of the primitive cell, requiring only three adjustable parameters to describe six dispersion branches (LA, LO, TA, TO, TA z , TO z ).
Along the perpendicular direction, the main structural feature is the presence of three urea helices described above, resulting in a triple folding of the dispersion branches eventually with no gap. Henceforth, we have described them with a linear chain model with three identical masses per cell, each built by two urea molecules moving in phase in the primitive cell. In contrast, the motions considered in the basal plane involve relative displacements inside the helices, so we cannot expect any description along the general directions of propagation in the scattering plane. However, these simple models describe the shape of the phonon branches even at 30
• away from the principal directions. Noting that transverse modes are degenerate due to the sixfold symmetry, we use models with three adjustable parameters in the (a * , b * ) plane and two along the z directions for 17 dispersion segments between the high-symmetry points of the first Brillouin zone. These parameters can be expressed either by the maximum frequency of the highest optic branch or by the initial slope of the acoustic one, when knowing the mass multiplicity along any direction (see Table I ). In the commensurate plane these parameters, computed from the first-and second-neighbor's force constants in graphene, are found to have a ratio of about 1 : 8 that is in accordance with a rather strong hydrogen bond between urea molecules and a van der Waals interaction between urea and nearest-neighboring alkane.
Since spectra have been recorded around many reciprocal locations, the variation of inelastic intensities for the same mode provides information on its polarization e due to its inelastic scattering structure factor and allows some discrimination. Theoretically, any mode perpendicular to the scattering plane should not appear in the spectra if recorded with a perfect collimation. This is the case for the transverse modes are proportional to their absolute values, so that sound velocities along these directions are visually comparable. Notice that the tick origin lies at . Solid data points come from IXS and asterisks from INS [20] . Colors of the points and lines are listed in the legend. Black circles at the zone center are Raman frequencies of the urea sublattice [39] . The points on the left axis are for the A 1 (•) and E 1 ( ) symmetries polarized completely or partially along z, whereas at the far right, for frequencies assigned with the A 1 (•) and E 2 ( ) symmetries polarized in the basal plane (1 meV = 8.06 cm −1 = 242 GHz).
polarized in the basal plane since most of the time we used the (a * + b * , c * ) scattering plane.
IV. PHONON DISPERSION
Although many spectra were recorded in the whole cross section of the urea first Brillouin zone, we will mainly focus on the presentation of dispersion branches of phonons propagating along the symmetry directions A, where q = q (c * u ), K with q 1 = q 2 = q and M, where q 1 or q 2 equals zero. Figure 5 gathers all the frequencies of the DHOs found in the fit of inelastic spectra for propagation in the main directions of the basal plane on the right-hand side, and along the channels on the left one. Many data points may be interpreted by the dispersion models described above. However, other points obviously do not belong to these branches but to other vibrations, possibly librations. It should be noted that phonons polarized in the commensurate (a, b) plane (drawn by solid lines) involve both sublattices, in contrast to those polarized along the channel direction (drawn by dashed lines), which, due to aperiodicity, may involve mainly one sublattice.
Along K, the longitudinal acoustic mode and the transverse one polarized along c * have been studied close to the more intense (2200) Bragg reflection. This direction corresponds, in real space, to the normal to the hexagon sides, along which a unique periodicity appears. Consequently, no gap in the related dispersion branches is either expected or observed within the resolution (∼1 meV) and the scarcity of points at the zone edge. About half of these points come from (2200) reflection [Figs. 3(c) and 3(d)], while the others result from different scattering geometries in the same scattering plane. Two points (blue triangles, TA xy ) seem related to the transverse acoustic mode polarized in the basal plane that should not contribute to the scattered intensity; however, they are not well resolved in the spectra and only appear from the best fits with a quite weak intensity.
Beyond K, propagation occurs on the KM zone edge with no obvious changes with respect to the K branch, but new data points appear close to the lowest dispersion branch. These points have been recorded around an M point at the (1.5 1.5 3 0) location, close to the critical wave vector of the lowest-temperature phase where previous observations of low-frequency dynamics could be observed. Although the frequency of these modes is very close (1 meV) to the lowest acoustic branch, such an assignment is impossible for several reasons. First, it would correspond to an increase of the transverse sound velocity by more than 20% that is inconsistent with neutron and Brillouin scattering measurements, or with the sixfold symmetry. Second, and more conclusive, they are very intense, weakly damped, and unique in their frequency range, as shown in Fig. 6(a) , suggesting that their polarization belongs rather to the (a * + b * , c * ) scattering plane than to the (a * − b * ) direction, mandatory for this transverse branch. This mode may be followed for q z = 0 as shown in Fig. 6(b) , where its dispersion is shown along KH , ST , and ML; KM presented in Fig. 5 . We observe a weaker dispersion along the c * in the neighborhood of M than in the vicinity of K that is in agreement with a structural phase instability at M ± 0.09c * u at lower temperatures, practically without any vibrational energy cost.
Along the M direction, only two experiments were performed by tilting the sample, resulting in a poorer resolution at q = M/2 and q = (3/4) M. In real space, this corresponds to a propagation along the direction where short and long periods alternate, leading to a frequency gap between the 5 1.5 3 0) showing the raw data (red dots), the nonconvoluted DHO profiles in green lines, and a quasielastic profile in blue. The sum of these inelastic contributions weighted by the Bose factor is in gray whereas the elastic contribution in orange is added to the convoluted spectrum in bold black. (b) Zone edge dispersion of the related phonon branches along c * . The lowest branch in blue is along −LML at q z = −0.5, 0, +0.5, respectively, whereas the highest branch in red corresponds to −H KH and the intermediate branch in green to −S T S at a location halfway between M and K. The frequency (3.85 meV) from the spectrum on the left is located on this curve at q z /c * = −0.14.
optic and acoustic branches. This geometry with Q = (1.5 − x)a * + (1.5 + x)b * + 3c * h generates a phonon wave vector with a component parallel to the (a * − b * ) direction equal to xa * that activates the lowest transverse mode polarized along (a * − b * ), whereas the longitudinal acoustic mode almost vanishes. This propagation direction was previously investigated by inelastic neutron scattering (INS) for the acoustic branches [20] . The related data points ( ) reported in Fig. 5 are in good agreement with the present results. Here, Raman frequencies are close to the gap edges where flat dispersion branches present a high density of states and are not very far from the LO maximum calculated at 13.8 meV and found at 16 meV by Raman scattering [39] . At higher frequencies, Raman lines about 20 meV could also be assigned to librational modes as in pure quadratic urea [40] .
Along A, longitudinal and transverse acoustic modes have been investigated around the strongest reflections along c * u (0 0 6 0) and (0 0 0 12), the latter visible in Figs. 3(a)  and 3(b) . Along this direction, dispersion branches may be assumed to be triply folded when ignoring perturbations by libration branches as explained above. At this resolution, no additional acousticlike branch appears, as could be expected in case of an underdamped sliding mode. As for several spectra, quasielastic components with a width in the 2-meV range have been included in the fits of spectra recorded around (0060). Such contributions with a similar width are not so astonishing, when one considers the amount of disorder inside this compound. Moreover, it has been previously shown that the D bands have a partial dynamical origin such as the pretransitional diffuse scattering [41] .
Obviously, other modes appear in the diagram (circles) in the 10-meV range that are not described by the few computed branches. However, it is interesting to notice that our simple model could explain the origin of the three lowest Raman frequencies on the left ordinate axis. Their frequencies are very close to the values of the three transverse branches at the intersection occurring at q s ≈ 0.412c * u , which activates Raman scattering as a zone center. It also appears that the two frequencies above could be activated on the longitudinal optic mode for the same reason.
V. APERIODIC FEATURES
At first sight, one might think that these dispersion curves are similar to those of a regular periodic crystal, but that is not the case if we look more thoroughly at the phonon branches polarized along c * (dashed lines in Fig. 5 ). First, in the unlabeled composite, the dispersion curve of the longitudinal mode along c * has a slope of 5.84 km s −1 . This value is much larger than the sound velocity of the n-nonadecane/urea measured by Brillouin scattering of 4.8 km s −1 [42] or in other n-alkane/urea compounds such as C 12 [42] or C 20 and C 22 in Ref. [43] . Obviously, with the possibility to sort out the sublattices along this direction, it seems reasonable to assign this larger value to the stiffer honeycomb urea sublattice. Due to its instability with respect to the noninclusion of guests, we may only compare it with sound velocities of the tetragonal urea phase, where ultrasonics [44] , Brillouin scattering [45] , and INS [40] investigations reasonably agree on a C 33 value around 51(2) GPa. As shown in Table II , such a value corresponds to sound velocities of about 6.2 km s −1 in unlabeled urea with a mass density of 1.334 kg m −3 , or 5.9 km s −1 in the deuterated crystal with a heavier density of 1.423 kg m −3 . Despite a different packing in tetragonal and honeycomb lattices, the orientation of hydrogen bonds is comparable, leading to a similar anisotropy of the elastic properties that makes some sense in this comparison. For completeness, we also report data related to the n-nonadecane/urea composite, both for the urea sublattice by INS and the whole composite by Brillouin scattering. We notice that the velocity in the deuterated urea sublattice measured by INS [20] at 160 K is equal to the one of unlabeled tetragonal urea and larger than 224308-7 the unlabeled urea sublattice velocity in the present study at 300 K. However, we also performed some IXS experiments at the same temperature and observed a 9% increase of the velocity of this mode with respect to the 300-K value. If we apply this anharmonic correction to the deuterated crystal, we obtain a velocity of 5.6 km s −1 at room temperature that is in very good agreement with the present value, taking into account the change of mass.
It is also noteworthy that this anharmonic relative variation of the urea sublattice longitudinal velocity is exactly the same as the one measured by Brillouin scattering on the composite longitudinal acoustic mode, while it is more than twice smaller in tetragonal urea [45] . This equality strongly suggests a common origin lying in the anharmonicity of the urea hydrogen bonds, which can be considered as the main elastic interactions in the whole composite structure. Then, in a first approximation, we could expect to explain these different sound velocities in the composite only by different mass densities in the equation
where ρ is a mass density, V a velocity, and subscripts 1 or 2 refer to urea and alkane, respectively, while V − is the sound velocity of the composite. Consequently, the ratio V − /V 1 = 0.828 should be equal to the square root of the related densities equal to 0.873. For such a simple approximation, the agreement is reasonable; however, it could be improved by taking into account the intermodulation of sublattices. For example, a fraction of the urea sublattice modulated with the alkane period results in a urea effective mass density lower than the uncoupled one. If sufficiently smooth, this intermodulation may also produce the occurrence of a dynamic phase mode (or sliding mode), which in the case of a rather unlikely underdamped regime would generate a symmetric doublet in inelastic spectra at the lower wave vectors. In the frame of a harmonic double-chain model, Radulescu and Janssen express the sound and sliding mode velocities by the following equation [46] ,
, (4) where V 2 is the sound velocity of the alkane sublattice.
This formula agrees with the anharmonic description of Finger and Rice for the sound velocity whereas their sliding mode is relaxational [19] . We have plotted the dispersion of these related quantities in Fig. 7 after having computed the alkane sublattice longitudinal velocity V 2 = 4 kms −1 from the force constant obtained by a specific compressibility experiment [35] . It gives 4.7 and 5.2 km s −1 for V − and V + that is in close agreement, for the lowest value, with the composite acoustic velocity. A perfect agreement would be obtained by an increase of the alkane velocity up to 4.1 km s −1 yielding to a sliding mode velocity of 5.3 km s −1 . Regardless, this indicates that in inelastic scattering experiments both modes would lie at close frequencies in the absence of defects and singularities pinning the modulation.
However, this condition is not obvious since under pressure, selective compressibility of sublattices occurs only above a threshold pressure about 1 kbar corresponding to a rather low-energy barrier in the 0.1-meV/guest range, more likely related to scattered defects along the channels than to intrinsic singularities of the intermodulation, repeating all along the channels. As previously noted, the alkane sublattice presents along the channel direction a simple dispersion for the longitudinal mode with a slope at the origin defined by V 2 , and reaching a maximum value of 2.7 meV around 0.13 Å −1 at its zone boundary as displayed in Fig. 7 . This value is very close to the highest frequency previously detected in the decomposition of the D planes' diffuse scattering [41] . Since this diffuse scattering is expected to be due to librations or translations of the center of mass of the molecules, the agreement between these values suggests the highest component could be related to longitudinal translations. This maximum value, associated with a high density of states, is also very commonly found in the fits of quasielastic components of our IXS spectra.
Due to symmetric strain and stress tensors, the transverse acoustic waves propagating along directions where a single elastic constant is involved, have a velocity equal to the one of the mode propagating along the polarization direction of the former and polarized along its propagation direction. Such directions occur in the case of orthogonal symmetry axes and, in particular, in any plane containing the sixfold axis in hexagonal crystals. This velocity, equal to
in the Voigt notation, is expected for a propagation along this axis as well as for any perpendicular direction to this axis [47] . This is related to the equality of the shearing force constants occurring along these directions in usual periodic crystals.
As already pointed out [18] , aperiodic host-guest structures could break this symmetry. The modes, possibly anomalous with respect to regular hexagonal periodic crystals, are the transverse acoustic polarized and propagating in planes containing the c * direction. The anomaly rests upon the structural difference between, on the one hand, a TA mode polarized perpendicular to c * with equal displacements of the molecules of both sublattices as in a regular crystal and, on the other hand, a propagation of the TA mode in the perpendicular plane with a polarization along c * . In that case, the absence of restoring forces between sublattices allows independent translations of the sublattices. This yields to different velocities which break the rotational symmetry since the molecular packing is different along c * and any direction in the basal plane, as sketched in Fig. 1 . Consequently, the transverse velocity will be larger for single urea displacements along the incommensurate direction than the one with displacements of the whole crystal in the (a * , b * ) plane. Here, again, the ratio of the velocities of these modes should be equal to the reciprocal ratio of the square root of the involved densities as for the longitudinal mode. Figure 8 gathers IXS results and the previous BS [42] and INS results [20] . The neutron values have been corrected from a checked 9% anharmonic variation. Although these velocities are rather close to the uncertainty limit, they are supported by two very similar observations previously realized by different inelastic techniques. In each case, the difference between these two modes was at the limit of the error range so we adopted the same velocity, 2.0 ± 0.1 km s −1 , for these modes. However, it should be noted that this rather small difference always presents the same sign with a larger velocity for a polarization along the aperiodic direction. Such a reproducibility for three different techniques with different samples has a poor probability of 12% in the case of a random origin. Consequently, we may say with a confidence close to 90% that this difference has a physical origin. Among the possible origins, piezoelectricity may stiffen crystals along some directions. It can easily be ruled out since in 622 symmetries, only two opposite piezoelectric constants e 123 = −e 213 are nonzero but they are inactive along principal axes [48] . With velocities of 2.18 km s −1 for T (U z ) and 1.87 km s −1 for T (U x ) as quoted in Table I , their ratio of 0.858 is very close to the square root of masses (0.873) and strongly suggests an aperiodic physical origin. Nevertheless, the small difference does not preclude any intermodulation affecting the effective masses, although to a lesser extent. Moreover, experimental uncertainties are not negligible at this scale.
VI. CONCLUSION
In summary, we have reported an extended study of phonons in an aperiodic composite of n-nonadecane/urea. The use of inelastic x-ray scattering has allowed for a rather complete description of the rigid host sublattice. A combined analysis of these results with coherent cold neutrons and Brillouin scattering data provide insight into the complicated topics of collective vibrations in crystals without an overall Brillouin zone. A large number of dynamical modes are now observed and identified along several directions. Despite the disorder of the guest, it was possible to sort the dynamic features of each sublattice.
In the vicinity of common Bragg peaks, we have detected phonons of the whole composite structure which, for the acoustic mode, have a dispersion in agreement with previous BS and INS measurements. Those polarized in the hexagonal commensurate plane do not exhibit anomalies whereas the transverse acoustic one polarized along the channel presents a slightly larger velocity than the transverse one propagating along the channel direction and polarized in the hexagonal plane. This small deviation is at the error limit but, since the same deviation has been also observed by previous Brillouin scattering and inelastic neutron scattering experiments, it is reasonable to assign, with a large probability, this difference to an elasticity symmetry breaking predicted in aperiodic composite structures. This difference is generated by the difference of mass densities of the involved urea and composite lattices. This is one of the rare observations of this elastic symmetry breaking in aperiodic structures such as in mercury chains [14] or spin-ladder systems [10] with some differences due to the nature of the sublattices. 
